Introduction addition, significant plasticity of intracortical connections exists at even older ages in the absence of thalaThe brain functions of higher organisms, and their undermocortical plasticity (Darian-Smith and Gilbert, 1995; lying neural circuitry, develop gradually through a Fox, 1994). Therefore, there are developmental mechacombination of intrinsically driven and sensory experinisms that orchestrate the timing of remodeling and ence-dependent mechanisms. During the early stages, plasticity of neural connections in the mammalian brain, genetically specified molecular cues direct the formation but the mechanisms underlying these critical windows of connections between the major centers of the mammaremain poorly understood. lian brain, but these initial connections are often diffuse, Several candidate molecular systems have emerged lacking the network precision necessary to process that may be critical in the regulation of critical periods complex information. A gradual process of remodeling of development, including the NMDA receptor ( in the expression of critical period plasticity and the indicate that there is a well-defined window of CREB activation and CRE-mediated gene expression during temporal regulation of its emergence and disappearance within different brain regions. A powerful cellular development of the thalamus, coincident with the period of refinement of thalamic connections. In addition, using mechanism that has not been examined in detail in this context is genetic control at the transcriptional level.
CREB mutant mice, we show that CREB is important for accurate refinement of retinogeniculate projections. Yet, a large number of studies have shown that master transcriptional control of gene expression lies at the Taken altogether, these results suggest a role for the CREB transcriptional pathway in the coordination of cirheart of nearly every key developmental transition, including the control of body and nervous system regioncuit remodeling prior to sensory experience. alization (for example, see Rubenstein et al., 1994) Figure 1 , there is robust expresYin et al., 1994). Activity-dependent synaptic mechanisms that underlie adult memory and learning are hysion of lacZ in these mice in discrete regions of the developing forebrain at postnatal day 4. Intense CREpothesized to function also during circuit development. And yet, the regulation and functions of CREB during mediated gene expression can be observed in the dorsal lateral geniculate nucleus (dLGN) and the ventral posbrain development have not been described.
In this report, we examine the function of CREB and teromedial nucleus (VPM), dorsal thalamic nuclei that receive visual and somatosensory inputs, respectively. CRE-mediated gene expression during development of synaptic circuitry in the dorsal thalamus. Our results Robust expression can also be seen in the hippocam- . Surprisingly, that of CREB⌬ at P5. These results are novel, and they suggest the possibility of differential gene regulation by the Western blot result suggests a lower expression of CREB at P5 as compared to P1, while immunofluores-CREB⌬ and CREB␣ isoforms during mammalian brain development. cence detects higher levels of staining in nuclei at P5.
One reason for this difference could be that Western
The activity of CREB requires its phosphorylation on serine residue 133, which potentiates the binding of blotting is normalized to total protein, while immunohistochemistry results are not normalized but instead show CREB to DNA and to coactivator proteins (for review, see Montminy, 1997). To determine whether phosphoabsolute CREB expression present in histologic sections. Thus, changes in CREB expression relative to CREB is present during thalamus development, we examined the spatiotemporal distribution of phosphoother cellular proteins during development might cause differences in results. Another important difference is CREB by fluorescence immunohistochemistry. Our results ( Figure 4A ) show that at P5, phospho-CREB is that protein conformations and protein-protein interactions are preserved in immunohistochemistry with fixed present widely in the forebrain, but in posterior forebrain sections it is found at highest levels in the dorsal thalasections, while they are lost during Western blotting. In any case, both methods indicate that CREB protein levmus and the hippocampus. There is a striking temporal regulation over the course of dLGN development, as els decline significantly with maturation.
Perhaps more intriguing, we found that there is differshown in Figures 4B-4D . Phospho-CREB immunoreactivity is present at P1, rises during the first postnatal ential regulation of CREB isoforms during postnatal development. During the period from P1 to P20, we obweek, and then drops dramatically afterward. By P21, little if any phospho-CREB immunoreactivity can be deserved expression of two CREB isoforms, which match the molecular weights for previously described CREB⌬ tected above the background. This pattern closely resembles that of total CREB ( Figure 3A) , and it is possible and CREB␣ ( Figure 3B ) (Blendy et al., 1996; Ruppert et al., 1992). Consistent with prior studies using adult brain that the regulation of phospho-CREB observed here is entirely at the level of CREB protein. Nonetheless, these tissue, we found that at P20 CREB⌬ is by far the predominant isoform. However, at earlier stages CREB␣ is exresults are in agreement with the results obtained using the CRE-lacZ reporter and show that active CREB is pressed much more highly, and its expression equals 
CREB Mutant Mice Show Smaller dLGN Size but Normal Gross Brain Morphology
To examine the role of CREB during forebrain development, we first examined Nissl-stained histologic sec- region of the dLGN (where the dLGN is the widest). As shown in Figure 6E , the mutant dLGN size was approximately 23% smaller than that for controls (p Ͻ 0.01, cal between mutant and controls ( Figure 6F ) (p ϭ 0.83, Student's t test). For controls, the average density is Student's t test). To determine whether the mutant dLGNs might contain the same number of cells, despite defined as 100% (95% confidence interval ϭ Ϯ11.2%), while for mutants the average density is 101% (95% the size differences, we measured the cell density within a defined area in the dorsolateral quadrant of the dLGN.
confidence interval ϭ Ϯ5.7%). This analysis indicates that the probability that the cell density of mutants is We found that the average cell density is virtually identi- equal to or greater than 120% of controls is unlikely (p Ͻ CREB mutant mice, but that the general patterns of brain development are preserved. 0.05), and it also implies that the mutant dLGNs contain fewer neurons compared to controls. To determine whether changes in brain size might be a general effect, CREB Is Important for Accurate Refinement of Retinogeniculate Projections we measured visual cortical thickness in these same mutant and control mice, using sections containing the The expression of the CREB transcriptional pathway during a crucial period of growth and refinement of thalacenter region of the dLGN. This analysis revealed no significant difference between mutants and controls mic connections suggests that CREB might be required for proper development of these connections. Because (data not shown). Therefore, these results suggest that there are specific abnormalities in brain morphology of thalamic function is required for refinement of retinal
projections to the LGN (Sretavan et al., 1988), we hypothties exceeding a defined threshold value (identical paesize that CREB function in the LGN might be important rameters used for wild-type and mutant projections) for stabilization of presynaptic retinal terminals during were coded in green (contralateral) or red (ipsilateral). refinement. To test this hypothesis, we characterized
Areas of overlap of the projections are displayed in yelthe development of retinogeniculate projections in low. At P5, virtually all of the ipsilateral patch overlaps transgenic mice deficient in CREB protein, the ␣,⌬-with contralateral projections. By P10, segregation of CREB hypomorphic mice. Although a complete CREB the projections could be observed in wild-type mice. knockout strain exists, these mice do not survive past However, in the hypomorphic mice, the degree of segrethe day of birth because of pulmonary defects (Rudolph gation is significantly less, and greater overlapping aret al., 1998). In using the hypomorphic mice, our reasoneas could be observed. These results suggest that accuing is that although the mutant phenotype would be rate and complete refinement of retinal projections is attenuated, any positive findings would suggest larger disrupted in the CREB mutant mice. roles for CREB than could be observed.
To provide a rigorous measure of retinogeniculate reTo examine the morphology of retinogeniculate axons finement seen with mutant and control mice, we quantiin the CREB hypomorphic mice, we labeled separately 
data not shown). terminals into dense clusters and the retraction of axons
Another measure of refinement is the degree of overaway from the edges of the dLGN. At the same time, lap of contralateral and ipsilateral axons. To quantify contralateral axons have thinned markedly from the overlap, we determined areas containing both contralatzone occupied by the ipsilateral projections, resulting in eral and ipsilateral projections that exceed threshold partial segregation of these inputs. When homozygous values ( Figures 7O and 7P ), using the same data de-CREB mutant mice were examined ( Figures 7C, 7D, 7G , scribed above. At P5 (Figure 7O ), contralateral projecand 7H), we find that their retinal axons terminated cortions have not retracted significantly from the ipsilateral rectly in the dLGN, but within the dLGN the projections patch zone, and consequently about 90% of the ipsilatappear significantly more diffuse. This can be seen most eral patch is overlapping, a result very similar between clearly with the ipsilateral projections. At P5 during the mutant and wild-type mice (p ϭ 1.0, ANOVA). At P10 period of active remodeling, the mutant ipsilateral pro-( Figure 7P ), both wild-type and mutant projections have jections cover a more diffuse area of the dLGN, expartially segregated, but the fraction of ipsilateral patch tending toward the dLGN boundaries, compared to the that remains overlapping in significantly lower in wildcontrols. At P10, although both mutant and wild-type type mice (47%) compared to mutants (66%) (p ϭ 0.04, projections show considerable refinement, the mutant ANOVA). Therefore, the segregation of retinogiculate projections remain significantly more diffuse and cover projections is impaired when CREB expression is rea larger relative area.
duced. Taken altogether, our analyses suggest that Although the relative size of ipsilateral projections is CREB facilitates refinement of retinogeniculate projeclarger and more diffuse in the CREB mutant mice, we tions and that it may be required for complete and accudid not find any evidence for errors of targeting of retinal rate refinement of these projections. axons. The boundary of the dLGN is clearly defined by the contralateral axons, which actually encompasses a Discussion smaller area in the mutant mice. Also, the ipsilateral axons were not observed to terminate outside of the A universal feature of vertebrate development is the dLGN in the mutant mice, although their pattern is more crucial role of genetic control in the systematic determidiffuse within the dLGN. nation of cellular fates and pathways of maturation. AlBy superimposing contralateral and ipsilateral projecthough the roles of transcriptional control in nervous tions coded in different colors, the overlap of these sets system regionalization and differentiation are well docuof projections could be visualized (Figures 7I-7L) . In mented, little is known regarding the nuclear regulatory order to clearly show the boundaries of the projections, image pixels containing fluorescence-labeling intensiprograms that might orchestrate phases of circuit devel-opment. In this report, we describe the developmental are cell-wide processes affecting all synapses. We suggest that these cell-wide processes are controlled at function of a major calcium-and cAMP-regulated tranthe genomic level, and that the CRE/CREB pathway may scriptional pathway that is critical for memory consolidabe a central mediator of this genomic regulation. tion in a variety of systems. Our findings suggest that To demonstrate a causal role for CREB in thalamic this pathway, the CRE/CREB transcriptional pathway, circuit remodeling, we examined development of retinooperates under spatiotemporal control and is involved tic consolidation, CREB may regulate the orderly pro-
